The ability of heat shock proteins to (1) chaperone peptides, including antigenic peptides; (2) interact with antigen-presenting cells through a receptor; (3) stimulate antigen-presenting cells to secrete inflammatory cytokines; and (4) mediate maturation of dendritic cells, makes them a unique starting point for generation of immune responses. These properties also permit the use of heat shock proteins for development of a new generation of prophylactic and therapeutic vaccines against cancers and infectious diseases.
INTRODUCTION

Quae medicamenta non sanat, ferrum sanat. Quae ferrum non sanat, ignis sanat. Quae vero ignis non sanat, insanabilia reportari oportet.
(That which drugs fail to cure, the scalpel can cure. That which the scalpel fails to cure, heat can cure. That which heat cannot cure, must be determined to be incurable.)-Hippocrates
THE THIN EDGE OF THE WEDGE: HEAT SHOCK PROTEINS ELICIT IMMUNITY TO CANCERS
Inbred mice immunized with irradiated syngeneic cancer cells were observed, as early as 1943, to be resistant to subsequent challenges with the cancer cells used for immunization (Srivastava and Old 1988) . These experiments generated 2 tenets. First, cancers are immunogenic in syngeneic hosts. This was confirmed for cancers of a wide variety, including those induced by chemical carcinogens and UV radiation and spontaneous cancers as well. Second, immunity to cancer was specific for each individual cancer. Mice were protected from challenge only with the specific cancer that was used to immunize. Thus, the cancer antigens were not cancer specific or cancer type specific (eg, hepatoma specific) but were individually specifCorrespondence to: Pramod K. Srivastava, ic. Cross-reactive protection was observed in some studies, but, with notable exceptions (Donawho and Kripke 1990; Frey and Cestari 1995) , such immunity was substantially weaker than the individually specific immunity (Coggin and Anderson 1974) . The 2 tenets led to a search for individually cancerspecific antigens, the philosopher's stones of cancer immunology. In early approaches, cancers and their normal counterparts were analyzed by high-resolution electrophoretic methods to identify cancer-specific bands or spots. Extensive studies with antibodies, first polyclonal and then monoclonal, scanned the surfaces of human and mouse cancer cells to define cancer-specific antigens (Old 1981) . Although these studies were immensely productive in definition of the composition of the mammalian cell surface and helped identify a number of important molecules, no truly cancer-specific molecules were identified and characterized as a result. Identification of cancer-specific molecules recognized by T lymphocytes did not come into vogue until recently (Monach et al 1995; Boon and van der Bruggen 1996) , because methods for doing so were previously unavailable. With few exceptions (Coulie et al 1995; Monach et al 1995; Robbins et al 1996; Ikeda et al 1997) , these studies too have generally identified molecules shared between cancers and normal tissues.
Another approach to the problem was to look for the cancer-specific antigens by their ability to elicit protective immunity to cancer challenges, ie, by the very assay that pointed to their existence. This approach typically in-volved fractionation of cancer homogenates into various protein components by conventional chromatographic methods (see Srivastava et al 1998 for review) . The fractions thus obtained were used to immunize animals, which were then challenged with live cancer cells. The fractions that elicited protection against the cancer were then refractionated and the cancer rejection assay repeated until apparently homogeneous preparations were obtained. This approach, with variations, led to identification of cancer-rejection molecules from cancers of diverse histological origins, induced in mice and rats of different haplotypes by chemicals or UV radiation, or of spontaneous origin. The cancers ranged in immunogenicity from the nonimmunogenic (eg, the Lewis lung carcinoma) to the highly immunogenic regressor cancers induced by UV radiation. Surprisingly, all the well-characterized molecules identified by this method turned out to be heat shock proteins (Hsps) of the Hsp90 or the Hsp70 family, including gp96, calreticulin (Basu and Srivastava 1999) , Hsp70, and Hsp90. The first of the 2 tenets of cancer immunity, that cancers elicit protective immunity in syngeneic hosts, had thus achieved a molecular definition. Consistent with tenet 2, the Hsps purified from a given cancer were observed to elicit protective immunity specific to that particular cancer. Hsps derived from normal tissues did not elicit protective immunity to any cancers tested . The observed specificity of immunogenicity of cancer-derived Hsps would suggest Hsps to display somatic polymorphism, such that Hsps would differ between cancers and normal tissues and from one cancer to another. However, extensive sequencing studies of Hsp complementary DNAs of cancers and normal tissues did not support this idea (Srivastava 1993) . What is the origin of the specificity of immunogenicity?
SEARCH FOR SPECIFICITY: DISCOVERY OF Hsp-ASSOCIATED PEPTIDES
Because the Hsp preparations used to immunize were homogeneous by all criteria tested, the possibility was envisaged that low-molecular-weight substances, not detectable by polyacrylamide gel electrophoresis, are associated with Hsps and are responsible for the specificity of immunogenicity of Hsp preparations (Srivastava and Heike 1991; Srivastava and Maki 1991) . This idea gained some credence when a seemingly large collection of peptides was shown to be associated with apparently homogeneous gp96 preparations . Formal proof for the idea came when depletion of peptides from tumor-protective Hsp70 preparations rendered them ineffective in immunizing against cancer cells .
Recent studies from a number of laboratories have begun to provide structural support for peptide-binding activity of certain Hsps. Recently, Zhu et al (1996) have shown the presence of a definite peptide-binding pocket in a bacterial Hsp70 molecule. The peptide-binding activity of gp96 has also been demonstrated independently (Wearsch and Nicchitta 1997) , and although the mechanism and the site of peptide binding by gp96 are yet unknown, studies with fluorescent probes point to the presence of a possible hydrophobic peptide-binding pocket (Wearsch et al 1998; Sastry and Linderoth 1999; Linderoth et al 2000) . The cytosolic homologue of gp96, Hsp90, is also being studied extensively in this regard. Studies by Scheibel et al (1998) suggest the existence of 2 substratebinding sites in Hsp90, whereas ongoing crystal structure studies with Hsp90 are in the process of clarifying the identity and structure of the peptide-binding pocket of Hsp90 (Prodromou et al 1997a; Prodromou et al 1997b; Stebbins et al 1997) .
The idea of Hsps as chaperones of antigenic peptides has also been strengthened by a series of independent immunological observations. Arnold et al (1995 Arnold et al ( , 1997 showed that immunization with gp96 preparations isolated from cells transfected with the gene encoding ␤-galactosidase elicited cytotoxic T lymphocytes (CTLs) specific for an L d -restricted epitope of ␤-galactosidase; similarly, immunization with gp96 preparations purified from cells expressing certain minor histocompatibility complex (MHC) antigens elicited CTL responses against the particular minor antigens. Nieland et al (1996) first identified a known viral epitope found associated with gp96 purified from virus-infected cells; such peptides could not be detected in gp96 preparations from uninfected cells. Blachere et al (1997) could reconstitute gp96-peptide and Hsp70-peptide complexes in vitro and demonstrate with a large panel of peptides that, although Hsps and peptides were nonimmunogenic by themselves, peptides chaperoned by Hsps elicited antigen-specific CD8ϩ CTLs. The quantity of antigenic peptides associated with an immunogenic dose of gp96-peptide complexes was found to be extremely small (ϳ1-2 ng). Significantly, immunogenicity did not result when peptides were complexed with another peptide-binding protein, mouse serum albumin, suggesting that the ability to elicit CTLs is unique to Hsp-chaperoned peptides. Roman and Moreno (1996) showed that peptides complexed with a xenogeneic (mycobacterial) Hsp70 could also elicit peptide-specific T cells in mice. Recently, Houghton and colleagues (Moroi et al 2000) have used a variation of the approach where Hsp70 is complexed with peptides designed to have a high affinity for Hsp70, and such complexes are shown to immunize and elicit peptide-specific CD8ϩ T-cell responses.
Hsp-PEPTIDE COMPLEXES FOR IMMUNOTHERAPY OF CANCERS: THEORETICAL CONSIDERATIONS AND RESULTS OF THE FIRST FEW HUMAN CLINICAL TRIALS
The observation that the immunogenicity of Hsp preparations from a large variety of cancers actually originated from bound peptides returned the spotlight to the identity of the cancer-specific antigens. Which of the Hspbound peptides are unique to cancer and therefore immunogenic? The chromatographic profiles of peptides eluted from Hsp preparations (as well as MHC class I preparations) of cancers and normal tissues are very much alike, and it is impossible to identify the cancerspecific peaks in an overwhelming background of common peptides. The problem is compounded by the individual antigenic specificity of cancers, which would indicate that the antigen(s) identified for a given cancer must be different from those for another cancer. This question, viewed in the context of the limited size of the genome, is reminiscent of the early debates regarding the origin of diversity of immunoglobulins and may have a fundamentally similar solution (Srivastava 1993) . In this view, (1) the immunogenicity of cancers results not from one or a few cancer-specific peptides but from a large and complex array of them; (2) cancer-specific antigens are generated by random mutations that accumulate in cancers because of continuous cell division and the genomic instability of cancers (Cahill et al 1998) ; the mutated peptides become antigenic by virtue of their presentation by the MHC alleles of the tumor; (3) the randomness of the mutational process leads to an individually specific ''antigenic fingerprint'' for each cancer, accounting for the individually specific immunogenicity of nearly all cancers tested; and finally, (4) the mutational repertoire that becomes immunogenic is incidental to the transformation process; thus, the transforming mutations such as those in ras, p53, and other such molecules do not contribute significantly to the immunogenicity of cancers, which results from other random, unrelated mutations.
Although this hypothesis explains the individually distinct antigenicity of cancers and of the Hsp-peptide complexes derived from them, it is apparently inconsistent with recent studies in which a number of CTL epitopes on human melanomas have been identified and found to be common to melanomas and normal tissues (Boon and van der Bruggen 1996) . A close look reveals that the inconsistency results not from species-specific differences but from the assays used to identify the antigens: observations on murine cancers are based on cancer rejection assays in vivo, whereas studies with human melanomas are, of necessity, based on CTL assays in vitro, which do not distinguish between an active response in vivo and an inactive response in vivo that is expandable in vitro because of lack of regulatory constraints (see Srivastava 1996 for full discussion). Indeed, when murine cancer antigens are examined by CTL assays in vitro, common CTL epitopes are readily detected (Rohrer et al 1994) as in human melanomas (Boon and van der Bruggen 1996) . However, there is little evidence thus far that the known unmutated CTL epitopes of human cancers are immunoprotective. Studies with unmutated CTL epitopes of murine cancers show that although such epitopes elicit CD8ϩ CTL responses as measured in vitro, immunization with their peptides does not lead to protection against a tumor challenge in vivo (Ramarathinan et al 1994; Huang et al 1996) .
Mutated CTL epitopes have also been identified on human cancers (see Boon and van der Bruggen 1966 for review; Coulie et al 1995; Wolfe et al 1995; Robbins et al 1996) . Based on experience with murine cancers (Monach et al 1995; Ikeda et al 1997) , the mutated human cancer epitopes would be expected to elicit protective immunity to human cancers. However, such epitopes are expressed specifically on single individual cancers or a small number of cancers and are, therefore, inappropriate for general use, and identification of mutated epitopes on individual human cancers is daunting and impractical. The use of cancer-derived Hsp-peptide complexes, which, in principle, elicit immunity to the entire array of mutated epitopes of the cancers from which they are isolated, circumvents this dilemma, because such complexes can be readily isolated from cancers without need of prior identification of the epitopes from individual cancers and have been shown to effectively cure preexisting micrometastatic disease (Tamura et al 1997; Nicchitta 1998) . Clearly, appropriately controlled clinical trials with defined unmutated CTL epitopes common to cancers and with Hsp-chaperoned, naturally processed epitopes, specific for individual cancers, will resolve this issue in the near future. Although no such trials have been initiated thus far, a number of preliminary clinical trials that begin to test the use of Hsps derived from autologous human cancers in immunotherapy of human cancers have now begun and some have been completed. Of these, 4 trials are relatively more mature and are discussed herein. Janetzki et al (2000) prepared individual gp96 vaccines derived from the tumors of 16 patients with advanced malignancies. Each patient received a 25-g subcutaneous injection of tumor-derived gp96, once weekly for 4 weeks. Blood samples recovered from patients revealed a CD8ϩ-restricted response against autologous tumor in 6 of 12 patients where such responses could be tested. Postvaccination stabilization of disease for 3 to 7 months was observed in 4 patients. One patient with hepatocellular carcinoma was observed to have necrosis of more than 50% of her tumor, coincident with vaccination. Interestingly, this patient had synchronous liver metastases of a different primary tumor that did not respond to the vaccine prepared from her primary liver tumor. No evidence of autoimmune reactions or of other significant toxic effects associated with Hsp vaccine administration was observed in any patient in the study. Amato et al (1999) have treated patients with renal cell carcinoma with gp96 vaccines. Patients received 1 of 3 doses of autologous tumor gp96 vaccines: 2.5, 25, or 100 g. The vaccine was administered once a week for 4 weeks, with a follow-up dose at 12 weeks or 20 weeks if the patient's tumor showed stabilization or regression, respectively. Among the 16 patients who received the 25-g dose, 1 patient had a complete response, 3 patients had partial responses, and 3 additional patients showed prolonged stabilization of disease (52 or more weeks). In a follow-up trial with a substantially larger number of renal carcinoma patients, similar results were obtained (Amato et al 2000) . Eton et al (2000) have used gp96 vaccines in metastatic melanoma using the same dosing regimen as described above for renal cancers. Among the patients with stage IV disease who were rendered apparently disease free by surgery and who were vaccinated with autologous tumorderived gp96, more than 75% are alive and disease free 17 months after surgery. The median survival in historical controls of a similar patient population is approximately 12 months. However, reliance on historical controls is fraught with obvious risks, and randomized clinical trials are needed to test the efficacy of gp96 vaccination.
All of the clinical trials described above are, of necessity, nonrandomized, and the clinical data generated thus far can only be suggestive if that. To the extent that one may draw any inferences from them, the results thus far are consistent with the murine data that showed that the autologous gp96 vaccine was highly effective in the adjuvant setting, where most treated animals remained disease free for their entire lives, and less effective in animals with progressive tumors, where only disease stabilization was achieved (Tamura et al 1997; Srivastava 2000) . A randomized multicenter phase III trial in patients with renal cancer in the adjuvant setting has now been initiated, and other randomized phase III trials are being planned.
Hsp-PEPTIDE COMPLEXES FOR THERAPY OF INFECTIOUS DISEASES: Hsps AS AGENTS OF CROSS-PRIMING AND AS ADJUVANTS
It was suggested in 1991 (Srivastava and Maki 1991) that if Hsps chaperone a substantial proportion of the antigenic repertoire, immunization with Hsp-peptide complexes derived from virus-transformed or infected cells should elicit viral immunity. Subsequently, gp96 preparations isolated from SV40-transformed cells were shown to elicit specific, MHC I-restricted CTL response (Blachere et al 1993) . Similar results were obtained in the influenza system by Heikema et al (1997) , with gp96 purified from influenza-infected cells. Recently, immunization of mice with gp96 or Hsp70 molecules reconstituted with specific CTL epitopes derived from SV40, influenza virus, vesicular stomatitis virus (VSV), and lymphocytic choriomeningitis virus (LCMV) has been shown to elicit cognate virus-specific CTL responses (Suto and Srivastava 1995; Blachere et al 1997; Ciupitu et al 1998) . In the case of LCMV, Ciupitu et al (1998) showed that mice immunized with Hsp70 molecules mixed with a known MHC class I binding epitope were also protected against subsequent LCMV infection.
Hsps are nonpolymorphic; that is, individual hsp genes do not have more than one allele. It was, therefore, reasoned that Hsp preparations isolated from cells infected with a given virus should contain the same repertoire of peptides regardless of the MHC haplotype of the cells. Hence, Hsp preparations isolated from virus-infected cells of one haplotype should be able to prime antiviral response in mice of another haplotype , a phenomenon known as cross-priming (Bevan 1976) . This was shown in the case of VSV, since gp96 preparations from VSV-infected cells of the b or the d haplotype were equally effective in eliciting b haplotype-specific, antigen-specific anti-VSV CTLs (Suto and Srivastava 1995) . At the same time, Arnold et al (1995) demonstrated the ability of gp96 preparations to cross-prime CTL responses in the case of minor histocompatibility complex antigens. The ability of Hsp-peptide complexes to crossprime is significant from the vantage point of their potential use as vaccines against intracellular infections, where CD8ϩ responses have a protective value.
In addition to the studies with syngeneic (ie, mouse) Hsps, a number of interesting observations have been made with the mycobacterial Hsp-peptide complexes. Lussow et al (1991) and Barrios et al (1992) first observed that covalent complexes of mycobacterial Hsp65 or Hsp70 and peptides could be used to elicit potent and specific antipeptide antibodies, without the use of additional adjuvants. The responses were shown to be T-cell dependent. Vaccination with noncovalent mycobacterial Hsp70-peptide complexes has also been shown to elicit antipeptide CD4ϩ T cells (Roman and Moreno 1996) ; CD8ϩ responses were not tested in this study. In an interesting variation on this general theme, CTL responses and Tcell-dependent protective immunity have been elicited recently by immunization of mice with a mycobacterial Hsp70-ovalbumin fusion protein (Suzue et al 1997) . Several new facts, as well as questions, emerge from these studies. Clearly, these studies show that immunization with Hsp-peptide complexes can elicit not only CTL but also antibody responses. Whether this is a unique property of covalent Hsp-peptide complexes is unclear, since the ability of noncovalent Hsp-peptide complexes to elicit such antipeptide antibodies has not been tested. It further remains to be determined if covalent complexes of syngeneic Hsps with peptides will be effective in eliciting antipeptide antibodies in mice or if the xenogeneicity of the mycobacterial Hsps makes them particularly able to do so. The fact that fusion proteins incorporating mycobacterial Hsps can elicit CD8ϩ T-cell responses in mice suggests that in addition to syngeneic Hsps, xenogeneic Hsps can also elicit a CD8ϩ immune response to the associated peptides.
The immunogenicity of Hsp-peptide complexes has a number of significant implications for vaccination against intracellular infections and treatment of preexisting infections, including viruses, mycobacteria, and certain parasites. Such vaccination does not require identification of immunogenic epitopes or attenuation of the agents normally required to create vaccines. Because immunization with Hsp-peptide complexes derived from infected cells is directed against the entire antigenic repertoire, it drastically reduces if not eliminates the possibility of development of escape variants. Should vaccination against a new variant be necessary, as in the case of highly mutable infectious agents, creation of a vaccine against the new variant depends only on its isolation and does not require its characterization. Furthermore, since cancer-derived Hsp-peptide complexes have been used to elicit regression, even cure of preexisting cancers, a reasonable case can be made that Hsp-peptide complexes from infected cells may be used not only for prophylaxis against infections but also for therapy of chronic infections.
The adjuvanticity of mammalian Hsps is unique in many respects (Blachere et al 1997) . They are the first and thus far the only adjuvants of mammalian origin. Being self-antigens, they do not elicit an immune response to themselves. They are nonlive, and yet they elicit CD8ϩ Tcell responses, in addition to antibody responses, and finally, their apparent promiscuity in peptide binding makes them applicable to a wide variety of antigens. These properties are particularly interesting in light of the paucity of safe and effective adjuvants.
MECHANISMS OF IMMUNOGENICITY OF Hsp-PEPTIDE COMPLEXES: Hsps AS THE ''SWISS ARMY KNIFE OF THE IMMUNE SYSTEM''
The first clue into the mechanism through which immunization with Hsp-peptide complexes elicits antigen-specific CD8ϩ T cells came from depletion studies that showed that priming of immune response by Hsp-peptide complexes was exquisitely sensitive to abrogation of function of phagocytic cells but did not require CD4ϩ T cells . This observation, coupled with the finding that that extremely small quantities of Hsppeptide complexes were effective in eliciting specific immunity, led to the suggestion that professional antigenpresenting cells (APCs) possess Hsp receptors, which take up Hsp-peptide complexes with specificity (Srivastava et al 1994). Subsequently, it was shown that macrophage, but not B cells, fibroblasts, or other nonprofessional APCs, take up gp96-peptide complexes and re-present the gp96-chaperoned peptides on the MHC I molecules of the macrophages; re-presentation does not occur by transfer of peptides from the gp96 molecules to MHC I on the cell surface (Suto and Srivastava 1995 ; Fig 1, top  panel) . The re-presentation involves trafficking of the peptides through a nonacidic compartment and is sensitive to brefeldin A. The evidence for an Hsp receptor has come from several independent sources Arnold-Schild et al 1999; Wassenberg et al 1999; Binder et al 2000a) and a gp96 receptor, CD91, has recently been identified in our laboratory (Binder et al 2000b) . Further details of the mechanism, including the identity of the macrophage compartment that takes up the Hsp-peptide complexes, the mechanism by which the peptides arrive at the endoplasmic reticulum, the proteasome dependence and transporter associated with antigen dependence of processing and transport, and the fate of the gp96 itself, are still unclear. The mechanism of immunogenicity of other Hsp preparations, the Hsp90-and Hsp70-peptide complexes, also remain to be clarified, although interesting facets of these mechanisms, which are essentially consistent with the observations on the immunogenicity of gp96-peptide complexes, are gradually emerging (Castellino et al 2000; Singh-Jasuja et al 2000) . The role of Hsps in mediating antigen-specific T-cell immune responses is depicted in Figure 1 (top panel) .
During the analysis of re-presentation of Hsp-peptide complexes by APCs, another facet of the Hsp-APC interaction came to light (Fig 1, bottom panel) . Exposure of APCs to preparations of gp96, Hsp90, or Hsp70 was observed to stimulate macrophages and dendritic cells to secrete cytokines and to express antigenpresenting and costimulatory molecules, regardless of the peptides associated with them (Basu et al 2000; Fig 1,  bottom panel) . Interestingly, the interaction of gp96 with the APCs was found to be associated with translocation of NFB into the nucleus of the APC, one of the most highly conserved signal transduction pathways of the immune system. Asea et al (2000) have also recently observed a subset of these properties with respect to Hsp70 molecules. Macrophages and dendritic cells are key components of innate and adaptive immune responses. The identity of endogenous signals that activate APCs has been a crucial question in immunology. The observation that Hsps, the most abundant and conserved mammalian Two consequences of Hsp-APC interaction. The top panel shows the uptake of Hsp-peptide complex through the CD91 gp96 receptor, followed by re-presentation of Hsp-chaperoned peptides by the MHC I molecules of the APC. The MHC I-peptide complexes stimulate the cognate CD8ϩ T lymphocytes. This scheme is supported by a number of studies (Suto and Srivastava 1995; Binder et al 2000b) . The bottom panel shows that interaction of Hsps with APCs (macrophages or dendritic cells) leads to translocation of NFB into the nucleus, followed by secretion of a number of inflammatory cytokines and expression of antigen-presenting and costimulatory molecules. This scheme of the role of Hsps in innate immune response is supported by a number of recent studies (Basu et al 2000; Asea et al 2000) .
molecules, constitute such an internal signal places Hsps at a crucial intersection of adaptive and innate immune responses. The role of Hsps in innate immunity is also consistent with our previous observation that immunization with cancer-derived Hsp-peptide complexes elicits, in addition to the CD8ϩ and CD4ϩ T-cell response, an NK response that is crucial for eliciting protective immunity (Tamura et al 1997) . Presumably, the interleukin 12 secreted by the Hsp-APC interaction is responsible for the expansion of the NK population, as also seen in a human clinical trial where patients received gp96 (Janetzki et al 2000) .
The ability of Hsps to elicit such a diverse array of immune responses lead Rammensee and Schild to label Hsps the Swiss Army knife of the immune system (Rammensee and Schild, 2000) ; the title of this section is derived from that nomination.
Hsps, NECROTIC CELL DEATH, Hsp RECEPTORS, AND ACTIVATION OF APCs: THE PRIMORDIAL IMMUNOLOGICAL PROGRAM?
Contemplation of these ideas leads to some interesting insights. Hsps are among the most primitive proteins in living systems, and macrophage-like cells of one kind or another are present in the earliest multicellular living systems (Beck and Habicht 1996) . It is conceivable that in a less polymorphic era, when adaptive immune response was but a distant gleam in the evolutionary eye, the interaction of Hsps with macrophage-like cells, leading to stimulation of the macrophage-like cells to secrete interleukin 1 and other messengers, was the primary 'innate' defense mechanism. Because Hsps are the most abundant soluble molecules in cells, they can be reasonably expected to be the most reliable messengers of cell death or, at any rate, cell lysis, which would result if the organism were in stress or danger, eg, being consumed by a predator. This chain of events would also explain the otherwise-strange presence of a surface receptor for Hsps, which are normally intracellular. In this view, the Hsps would have been transformed from being protectors of cells from cellular stress in the single-celled organisms to being messengers of stress and protectors against such stress in the first multicellular organisms or at least among those in which a differentiated macrophage-like cell had evolved. By all accounts, this happened quite early, since phagocytes of echinoderms, mollusks, annelids, and tunicates had already acquired the ability to secrete interleukin 1-like molecules (Ottaviani and Franceschi 1997) . From this initial point, it is relatively straightforward to see how the Hsp-APC interaction was incorporated into future versions of the developing defense mechanisms, until, with the arrival of specific immunity and its paraphernalia of specificity of peptidebinding and T-cell receptors, the primal peptide-binding proteins, ie, the Hsps, would become accessories in antigen presentation by MHC molecules. The evolutionary implications of a convergence of the peptide-binding functions of the Hsps and the MHC molecules has been discussed in detail elsewhere (Srivastava and Heike 1991) .
In the proposed role of Hsps as harbingers of cell death and, therefore, of danger to an organism (Matzinger 1994) , a kind of death that results in an encounter of Hsps with the immune system will be more productive, ie, communicative of danger, and protective from it than a 'silent death,' which does not lead to Hsp-APC interaction. We have recently reported that necrotic but not apoptotic cell death leads to release of Hsps (Basu et al, 2000) and that necrotic but not apoptotic cells activate translocation of NFB into the nucleus of APCs. Because Hsps are intracellular, abundant, and soluble, their presence in the extracellular milieu and the consequent activation of APCs constitute an excellent mechanism for response to cell death. Because Hsps are conserved from bacteria to mammals, the ability of Hsps to activate APCs provides a unified mechanism for response to internal and external stimuli. It is our belief that immunogenicity of cells, infectious agents, and cancers is defined, to a significant degree, by the extent to which cell death leads to induction of Hsps and consequent Hsp-APC interaction. It is safe to suggest that the recent fascination of immunologists with death has atavistic origins in the evolutionary past when the presence of extracellular Hsps signaled physical disintegration.
